Owing to its capacity for unique (bio)-chemical specificity, microscopy with mid-IR illumination holds tremendous promise for a wide range of biomedical and industrial applications. The primary limitation, however, remains detection; with current mid-IR detection technology often marrying inferior technical capabilities with prohibitive costs. This has lead to approaches that shift detection to wavelengths into the visible regime, where vastly superior silicon-based camera technology is available. Here, we experimentally show how nonlinear interferometry with entangled light can provide a powerful tool for mid-IR microscopy, while only requiring near-infrared detection with a standard CMOS camera. In this proof-of-principle implementation, we demonstrate intensity imaging over a broad wavelength range covering 3.4-4.3 µm and demonstrate a spatial resolution of 35 µm for images containing 650 resolved elements. Moreover, we demonstrate our technique is fit for purpose, acquiring microscopic images of biological tissue samples in the mid-IR. These results open a new perspective for potential relevance of quantum imaging techniques in the life sciences.
Owing to its capacity for unique (bio)-chemical specificity, microscopy with mid-IR illumination holds tremendous promise for a wide range of biomedical and industrial applications. The primary limitation, however, remains detection; with current mid-IR detection technology often marrying inferior technical capabilities with prohibitive costs. This has lead to approaches that shift detection to wavelengths into the visible regime, where vastly superior silicon-based camera technology is available. Here, we experimentally show how nonlinear interferometry with entangled light can provide a powerful tool for mid-IR microscopy, while only requiring near-infrared detection with a standard CMOS camera. In Mid-IR imaging and microscopy is extensively used in various fields such as biology and medicine [1] [2] [3] [4] [5] [6] , environmental sciences [7] and microfluidics [8] . Sensing with mid-IR light exploits the distinct rotational and vibrational modes of specific molecules [9] . This spectral fingerprint can be used as a contrast mechanism for mid-IR imaging, circumventing the need for labelling. Such non-invasive and label-free imaging techniques are especially important for bio-imaging procedures, as they permit the observation of largely unaltered living tissues. The current state-of-the-art mid-IR imaging technique is Fourier transform infrared spectroscopic (FTIR) imaging [10] . It heavily relies on infrared (IR) technologies, namely broadband IR sources and detectors. While the gap in technology and price between IR and visible sources is slowly closing [11] , IR detection technology lags significantly behind its visible counterparts [12] [13] [14] , such as complementary metal-oxide-semiconductor (CMOS) and charge-coupled device (CCD) technologies. Furthermore, IR detectors are costly and technically challenging, often requiring cryogenic cooling, and moreover are subject to severe export restrictions due to dual-use issues.
In order to bypass the need for IR detectors, techniques such as coherent Raman antistokes scattering (CARS) microscopy [15, 16] were developed. Here, the weakness of the Raman-effect and intrinsic noise mechanism require high laser intensities and only permit slow point-by-point scanning. Other approaches employ frequency conversion to shift the detection frequency to the visible, while still sensing in the IR region for the highly desired information. Up-conversion methods have demonstrated imaging in the near and mid-IR [17] [18] [19] , but conversion efficiency and the number of converted spatial modes remain a significant challenge, especially as they scale unfavourably with each other.
A drastically different approach utilizes the interference of entangled photon pairs at widely different wavelengths, and requires neither laser sources nor detectors at the imaging wavelength. The initial proof-of-concept was demonstrated [20] at 1550 nm with moderate spatial resolution. Intrinsically, the effect is based on induced coherence without induced emission [21, 22] and can seen as a general property of nonlinear interferometers [23] . It has also seen use for other modalities of sensing, such as spectroscopy [24] , refractometry [25] and optical coherence tomography [26, 27] .
In this work, we show how quantum nonlinear interferometry forms a powerful tool for microscopic imaging in the mid-IR using only a standard CMOS camera. In our implementation, a nonlinear interferometer is formed by double-passing a periodically poled potassium titanyl phosphate (ppKTP) crystal in a folded Michelson geometry [23] . As the pump passes the crystal twice, it generates signal and idler photons via spontaneous parametric down conversion (SPDC). The down-converted fields formed in the first pass of the crystal are subsequently aligned back for the second pass, resulting in indistinguishability, and thus interference, between the bi-photon field generated in the 'first' and 'second' crystal, which is measured by the CMOS-camera. Remarkably, no complex or cost-intensive components are required. In this work the nonlinear crystal was engineered for highly non-degenerate signal and idler wavelengths. Using broadband phase matching [28] the idler wavelength can be selected in a large range between 3.4-4.3 µm at room temperature, while the corresponding signal wavelength is in the 780-820 nm range. The strong spatial correlations between the signal and idler modes ensure that any distinguishing information obtained by the idler field between the first and second pass of the crystal, will be encoded onto the interference of the near-IR light after the second crystal. We characterise the mid-IR imaging properties of this system with an off-the-shelf CMOS camera. Moreover, the ability to manipulate the field of view (FoV) and accordingly, the system resolution is demonstrated. Specifically, using magnification, details down to 35 microns are shown to be detected, which we use for acquiring microscopic images of a biological sample.
The experiment is detailed in Fig. 1 . The initial characterisation of the imaging technique was made in an unmagnified configuration, with both the end mirrors of the interferometer placed at far-field of the crystal. The sample to be imaged is placed on the idler mirror. Whilst the unmagnified configuration possesses limited spatial resolution, it provides a straightforward means to characterise the imaging capacity of the system. The lateral resolution was ascertained by measuring the spatial response to an edge knife ( Fig. 2 
yielding 322 ± 5µm. The estimated number of spatial modes is 800 ± 20. In addition, a USAF clear path resolution target was illuminated ( Fig.2.c) . These values are consistent with the theoretical model [29] developed using a theoretical framework similar to that of ghost imaging [30] .
To demonstrate microscopy, a 10 fold magnification was realised via a telescope in the idler arm. Characterisation of the magnified setup was performed in a similar manner, with the results summarised in Fig. 2 . The obtained number of spatial modes is 655 ± 57. The system resolution of 35 ± 5µm is below the smallest available line-pair for our clear path resolution target (Fig. 2 .c).
The number of measured spatial modes in the unmagnified (magnified) realisation are about 88% (72%) of the theoretical value. We attribute this reduction in both optical arrangements to alignment imperfections, namely, in matching the corresponding imaging planes precisely, as well as chromatic aberrations. In addition, the smaller depth of focus in the magnified regime brings higher sensitivity to mismatch of imaging and sample planes.
The highly broadband nature of the down-conversion source combined with the tight energy correlations shared between signal and idler, easily facilitates hyper-spectral imaging, for example, via tuneable spectral filtering of a signal field immediately prior to detection. Finally, the potential of the presented method for realistic, biological samples was demonstrated using an unstained histology sample of a mouse heart (see Methods for preparation) ( Fig. 4 ) The mid-IR images ( Fig. 4 b) were obtained by scanning the interferometer displacement inside the coherence length and extracting the pixel-wise visibility. This technique eliminates any ambiguity that may arise between loss and destructive interference (owing to a non-uniform phase front) in a single shot measurement, and also permits straightforward reconstruction of the phase-profile ( Fig. 4 c) compared to the bright field image, stronger contrast in the morphology potentially reflects enhanced sensitivity to differing tissue types. Further, the images are a testament to the high tolerance of the presented imaging method to loss and scattering.
We have demonstrated the capacity of mid-IR imaging via nonlinear interferometry for real world imaging tasks requiring only cost-efficient components. Via the addition of a simple magnification step, we demonstrate imaging of feature sizes down to 35 µm.
Further, owing to the use of a broadband SPDC, the extension to hyper-spectral imaging is uncomplicated. To demonstrate the real world promise of this method for non-destructive biological sensing, we have imaged a wet biological sample with a low sample illumination of less than 20 picowatts.
Whilst the spatial resolution presented here with our comparatively simple optical layout is an order of magnitude larger than the resolutions anticipated by state-of-the art mid-IR systems (1-10 µm), the extension to increased imaging capacity is straightforward. The number of available spatial modes is currently limited by the size of the pump waist, and thus the crystal aperture. With an increase in crystal aperture from 1 mm to 4 mm the number of available spatial modes grows from ≈ 750 to 12,000. This, coupled with more sophisticated approaches to magnification, will yield imaging capacities at the state-of-theart, while surpassing its speed by leveraging silicon camera technology. Additionally, the latter also ensures the resolution of the camera itself is no longer a potential bottleneck. 
Methods

Experimental Setup
A 660 nm continuous wave solid state laser delivers the pump beam for the experiment. Our imaging setup is based on the conceptual arrangement of Michelson-type nonlinear interferometer [23] . A pump beam illuminates a nonlinear crystal twice in sequence, in a folded geometry. Photon pairs are formed in the first and second pass through the crystal, the signal and idler are denoted |c s |d i and |e s |f i respectively. After the first path, the idler and signal are split using a dichroic mirror (DM). The idler is sent into a sample with transmittance T and phase shift γ: |c s |d i → T e iγ |c s |d i + √ 1 − T 2 |c s |l i , where the state |l i encompasses all the loss in the idler arm. Both idler and signal are then back reflected and aligned to allow minimal distinguishability between the biphoton amplitudes (|c → |e , |d → |f ) such that after the second pass of the crystal, the obtained state is:
Subsequently, the idler photon is discarded using a DM and the detection probability obtained is:
Accordingly, an interferometric image with visibility T can be detected. The idler is not detected and the information about the object in the idler path is transferred to the signal through the high spatial correlations shared between the signal and idler modes. This feature when combined with non-degenerate downconversion allows sensing and detection at different wavelength ranges.
Theoretical Model
To ascertain the theoretical imaging capacity of our implementation we developed a simple theoretical framework to calculate both the anticipated field of view (FOV) and resolution of our optical system. We also make a comparison to the theory of the SPDC wavefunction.
The FoV in our imaging system is impacted by the emission angle of the down-converted idler light and any subsequent magnification that defines the size of the illuminating spot
where f denotes the focal length of the collimating optical element adjacent to the crystal, θ i is the divergence angle [31] , and M represents the magnification of the optical system after the collimation. The opening angle, θ i , results from the phase-matching conditions
where L denotes the crystal length, λ i and λ s are the wavelengths of the idler and signal respectively and n i and n s are the reflective indices of KTP at the designated wavelengths.
The resolution is limited by two constraints. The first limitation arises from the standard diffraction limit, applicable to most conventional imaging and microscopy techniques,
where λ and N A are the wavelength and numerical aperture of the optical elements in our system.
The second condition upon the resolution -and here the limiting condition -is an expression of the strength of momentum (or position) entanglement inherent to the bi-photon state [30, 32] and is given by
where w p denotes the pump waist. The number of spatial modes is therefore
Unsurprisingly, the number of spatial modes does not depend on the magnification (M )provided one has a sufficiently large NA. By substituting the experimental values into Eq.7
we obtain 911 ± 13 spatial modes.
Derivation of the emission angle
The width (FWHM) of the idler in the far field corresponds to an emission angle, sinc 2 ( ∆kL 2 ) = 1 2 , corresponding to a phase mismatch ∆kL = 2.78. Expressing the phase mismatch in terms of the transverse emission angle we obtain
Assuming transverse momentum conservation, the FWHM of the idler emission angle within the crystal is given byθ
corresponding to angle in free space of
Experimental values
The signal wavelength was measured using a spectrometer to be λ s = 801 ± 1nm. The pump wavelength was measured using a wave meter and the value obtained is: λ p = 659.75± 0.01nm. The idler wavelength was calculated according to energy conservation (λ i = 1
the obtained value is: λ i = 3.74 ± 0.02µm. The refractive indexes were calculated using the appropriate Sellmeier equations [33, 34] for KTP: n s = 1.845, n i = 1.752. The length of crystal is: L = 2mm and the pump waist at the crystal is w p = 431 ± 6µm.
Theoretical formulation from the bi-photon state
In the low gain limit, the bi-photon state produced by the SPDC can be written in the angular spectra representation
where q s and q i represent the transverse components of the SPDC emission. Analogous to the spectral properties of SPDC emission, the spatial properties are governed by the intersection of energy and momentum conservation,
specified by the α(q s , q i ), the pump function and φ(q s , q i ) is the phase-matching function, respectively. We recast longitudinal phase mismatch ∆k z 0 in terms of the transverse mo-
where ∆k z 0 is the residual longitudinal collinear phase-mismatch at the given emission wavelength. The phase function is given by
and the pump function is α(q s , q i ) = exp (−|q s + q i | 2 ω 2 p /4),
where ω p is the pump waist. Consider two identical SPDC processes aligned in series with all modes matched
More explicitly,
If we want to consider an overall transmission, η, of the idler between the first and second crystal, we considering an additional loss mode q i . Considering an intensity measurement in the Fourier plane, one obtains
If we assume no longitudinal phase mismatch at all wavelengths, then the number of modes decreases linearly with increasing wavelength (where one has chosen to fix the pump wavelength). This is simply a consequence of increasing non-degeneracy reducing the spatial entanglement of the system. For the unmagnified configuration and our earlier specified system values, the conditional probability density gives a resolution of 326µm (FWHM).
The theoretical FoV is 9.0 mm (FWHM). The Schmidt decomposition of the joint probability density gives an effective mode number of 500. The discrepancy between the Schmidt number and the mode number obtained earlier, reflects that the latter considers the ratio of a Sinc width to a Gaussian width. 
